Abstract-The desorption behavior of benzidine from Lake Macatawa (Holland, MI, USA) sediment was investigated in this study using batch solvent extraction method. Seven solvents were tested as the extracting reagents: Deionized water (DI), calcium chloride in DI (CaCl 2 ), sodium hydroxide in DI (NaOH), acetonitrile (ACN), a mixture of acetonitrile and ammonium acetate in DI (ACN-NH 4 OAc), methanol (MeOH), and hydrochloric acid in DI (HCl). These solvents are proposed to react with sediment-associated benzidine by different mechanisms (e.g., cation exchange, hydrophobic partitioning, and covalent binding). Three sets of sorption isotherm experiments were conducted separately in these seven solvents with a 7-d, three-week, and two-month contact time. The results demonstrated nonlinear isotherms with Freundlich 1/n values varying from 0.25 to 0.52. The desorption behavior of benzidine in the solvents was evaluated after the sorption of benzidine onto the sediment with same contact times of 7 d, three weeks, and two months. A two-stage model subsequently was applied to simulate the experimental data. The rapidly desorbing rate constants were on the order of one to two per day for ACN, ACN-NH 4 OAc, and NaOH solvents, and the slowly desorbing rate constants were on the order of 10 Ϫ5 to 10 Ϫ4 /d. Sequential desorption experiment demonstrated low total extraction efficiency of less than 40%. Both the observed sorption and desorption phenomena suggested that hysteresis and/or mass-transfer limited diffusion may result in the slow desorption behavior observed in this study.
INTRODUCTION
Concerns over aromatic amines, such as benzidine, exist because several of the aromatic amines already have been identified as highly toxic compounds. The exposure to them may result in serious health problems, such as cancer [1] . Although benzidine no longer is produced in the United States, benzidine-based dyes still are imported into the United States [2] . Benzidine enters the environment by the reduction of benzidine-based dyes. For example, the reduction of Direct Red 28 (C 32 H 22 N 6 Na 2 O 6 S 2 ) will result in the formation of benzidine and 3,4-diamino-1-naphthalene sulfonic acid, which provides a possible pathway for those hazardous compounds into the aquatic ecosystems [3] .
Among the processes that govern the fate and transport of aromatic amines in the environment, especially in sedimentwater systems, sorption and desorption are two very important processes. Due to the complex constituents, heterogeneous properties of sediments (such as cation exchange capacity, grain size distribution, pH, content of organic matter), and the specific chemicals involved, at least four mechanisms that could control the fate and transport of aromatic amines in the sediment-water systems play important roles during the sorption-desorption processes. The four mechanisms include: Electrostatic interactions of the cationic organic chemicals with negatively charged sediments or soils (i.e., cation exchange) [4] [5] [6] ; partitioning of the neutral hydrophobic organics into the sediment or soil organic matter and minerals [7] [8] [9] [10] ; covalent binding of amino functional groups to carbonyl moieties present in soil or sediment matrices [11] [12] [13] [14] [15] ; and oxidation processes leading to the formation of radical species that couple with sediment-bonded radicals [16] [17] [18] .
* To whom correspondence may be addressed (nymanm@rpi.edu).
Substantial research has been conducted on the sorptiondesorption behavior of various hydrophobic organic chemicals (HOCs) in sediment-water and soil-water systems. Some research results from the kinetics study have demonstrated that the desorption processes of the highly desorption-resistant chlorobenzene, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons from the sediments were deduced to be triphasic, in which fast, slowly, and very slowly desorbing stages have been distinguished [9, 19, 20] . However, the more common findings regarding the sorption-desorption processes of these HOCs are described through biphasic kinetics, which includes only fast and slow stages [11, [21] [22] [23] [24] [25] [26] . This two-stage desorption behavior could be attributed to a change in the sorption-desorption mechanism with time. Further research on the sorption-desorption kinetics demonstrated that the reversible fast process was controlled by the electrostatic interactions, hydrophobic partitioning, and the formation of labile amine-carbonyl adducts. The slower step generally is attributed to the covalent binding and diffusion-related processes as described by Weber et al. [11] and Braida et al. [27] .
Majority of HOCs, such as aromatic amines specifically, have great affinity for sediment and soil particles, which could result in the strong binding to and, thereby, slow release of the sorbates from these geosorbents. Researchers have conducted studies on such aromatic amines as aniline [11, 13, 14, [28] [29] [30] and ␣-naphthylamine [29] in both aged (i.e., historically contaminated) and laboratory spiked sediments and soils with contact times varying from hours to days. This is a very short time period relative to contact times used for the other HOCs, such as polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and chlorobenzene [31, 32] . To date, only few studies in the sorption-desorption process of benzidine in water-sediment system could be found in the liter- ature. Weber [3] and Zierath et al. [33] studied the sorption of benzidine in sediments and found the sorption was strongly dependent on pH and the nature and concentration of the inorganic salt(s) in solution.
In this study, eastern basin of Lake Macatawa located in Holland (MI, USA) was chosen as the model lake. The primary contaminant of interest in this lake is 3,3Ј-dichlorobenzidine, released to the lake via a single permitted effluent diffuser, with a known point of introduction. Nyman et al. [34] studied the transport and transformation behavior of 3,3Ј-dichlorobenzidine and revealed that, during the 12-month incubation period, 3,3Ј-dichlorobenzidine disappeared slowly and benzidine, one of the major biodegradation products, together with an intermediate, 3-chlorbenzidine, were observed to accumulate over time. It is highly possible that benzidine would be degraded further in the engineered lake water-sediment systems. However, the sequestration of benzidine in sediments would influence the bioavailability significantly. The sequestrated benzidine desorbs slowly and mostly is not available for the uptake by microorganisms in the water column.
The objectives of this study were to evaluate the long-term desorption behavior of benzidine in these engineered systems (e.g., various solvent-sediment batch reactors) and to determine the relative importance of the involved mechanisms by observing the sorption and desorption behavior of benzidine using an assortment of solvents. By conducting this study, better understanding of the sorption (and desorption) of aromatic amines in the suspended geosorbents would be gained.
MATERIALS AND METHODS

Chemicals
Benzidine was purchased from Sigma Chemical (St. Louis, MO, USA.) with a reported purity over 95%. The selected physicochemical properties of benzidine are presented in Table  1 
Sediment sample
Sediment was sampled from the eastern basin of Lake Macatawa located in Holland (MI, USA). The sediment sample was collected with a Ponar grab sampler. Lake water sample was collected below the water surface and then stored in amber glass bottles. Both sediment and lake water samples were chilled in ice during transportation and were kept in a refrigerator at 4ЊC until usage. The wetted sediment samples were dried in an oven at 100 Ϯ 5ЊC for 48 h, broken up by mortar and pestle, and then further ground with a grinder due to the sediment sample's cohesive structure.
It is possible that biodegradation may affect the loss of benzidine in the water-sediment systems as a function of time. However, Lee et al. [30] studied the sorption behavior of aniline and ␣-naphthylamine onto unsterilized and cobalt-irradiated soils and did not find apparent discrepancy between treated and untreated soils. Thereafter, they suggested that no further treatment needed to be taken to prevent the microbial activity from interfering with the sorption-desorption experiment. In addition, it is not likely to achieve biodegradation in these strong solvents used in this study. The data from our control experiment (not shown here) also proved the same hypothesis. Therefore, steps that would be taken to inhibit the biological activity seemed unnecessary in this study, and the addition of additional chemicals was avoided.
Solvent selection
Many methods have been reported in literature to measure the desorption kinetics, such as the batch method, the column method, and the gas-purge method [35] . In all these methods, clean deionized water (DI) was used and kept in contact with the preloaded sediment particles for hours or even longer. By diluting or replacing the aqueous phase with other clean DI, sorbed chemical should release continuously into the aqueous phase. This process could be repeated several times to get the satisfactory desorption results.
The batch method for the desorption experiment was used in this study. However, the desorption method in this study was different in terms of solvents used to perform the extraction. We proposed to study three sorption mechanisms: Electrostatic interaction (or cation exchange), hydrophobic partitioning, and covalent binding. To carry out this research objective, DI, 0.05 M of CaCl 2 in DI, 0.5 M of NaOH in DI, ACN, ACN-NH 4 OAc (50:50 in volume of ACN:0.6 M NH 4 OAc in DI), MeOH, and 0.1 M of HCl in DI were chosen as the extracting solvents. Among these solutions, CaCl 2 and HCl electrolyte solutions contain cations of Ca 2ϩ and H ϩ , respectively, which could be adsorbed to the negatively charged surface of the sediments and compete with protonated benzidine for the sorption sites [30] ; MeOH, ACN, and ACN-NH 4 OAc could penetrate to the natural organic matter or to mineral pores in the sediment matrix [36] ; at the same time, NH 4 OAc in the mixture also influences the cation exchange process [37] . Sodium hydroxide is believed to have the potential to hydrolyze the covalent bonds, which might be formed slowly with the carbonyl moiety groups in the sediments [38] . In each experiment set, DI was used as a control.
Batch sorption isotherm experiments
To conduct the sorption isotherm study, benzidine was dissolved in the following solvents: DI, CaCl 2 solution, NaOH solution, ACN, ACN-NH 4 OAc, MeOH, and HCl solution. For each solvent, the dilution in-series method was employed to get the various benzidine concentrations needed for each of the isotherm experiments. Depending on the solubility of benzidine in each of the selected solvents, the concentration ranges for the solvents were different. For example, although the solubility of benzidine in MeOH is much higher than its aqueous solubility (400 mg/L as illustrated in Table 1 ), the solubility in CaCl 2 solution is lower than the aqueous solubility. However, the solubility of benzidine in the selected solvents was not measured. Therefore, the benzidine concentration range in MeOH was 50 to 430 mg/L in this study, and in CaCl 2 solution the concentration range was 17.0 to 255.2 mg/L. The choice of the concentration range was to keep the concentration difference big enough to reduce the experimental error.
The batch experiments were conducted in 9-ml culture test tubes with Teflon-lined screw caps in duplicate, following the similar procedure described by Lee et al. [30] . Each dried sediment sample (ϳ1.30 g) was spiked with 5 ml of benzidinewater stock solution at 140 mg/L. The sample tube caps were sealed tightly by Parafilm (Neenah, WI, USA), which prevented the loss of liquid during the long-term experimental process. The sealed tubes then were wrapped in aluminum foil to minimize the possible effect of light (e.g., photodegradation of benzidine) during the duration of the experiment. The tubes were rotated end-over-end at a speed of 45 rpm for 7 d, three weeks, or two months at room temperature (i.e., 23.0 Ϯ 0.5ЊC). After the preselected sorption contact time was reached, samples were centrifuged with IEC Centra GP8R from Thermo Electron (Franklin, MA, USA) at 1,350 g for 25 min to separate the solid and liquid phases. The supernatants were removed to the amber glass vials for HPLC analysis.
The empirical Freundlich isotherm model was employed to describe the sorption process, as shown in Equation 1
where q is the sorbed benzidine concentration (mg/kg), C is the benzidine concentration in the solution phase (mg/L), K f is the sorption affinity (mg/kg)(L/mg) 1/n , and 1/n is the nonlinearity constant related to the energy distribution of the sorption sites. A unity of 1/n indicates linear sorption and, therefore, equal sorption energies for all sediment sites [39] .
Desorption experiments
Pre-equilibration. The methods of sample preparation were the same as those employed in the batch sorption isotherm experiments. The equilibration times taken for this pre-equilibration study were kept the same (i.e., 7 d, 3 weeks, and 2 months).
Solvent additions. After the preselected sorption contact time was reached, samples were centrifuged at 1,350 g for 25 min. The supernatants with an approximate volume of 3.8 ml were removed to the amber glass vials for HPLC analysis. The remaining water left in the sediment pore was about 1.2 ml, which carried approximately 0.6 g of benzidine over to the sediments; this amount of benzidine was subtracted when performing the mass balance for the desorption processes. Fivemilliliter aliquots of selected solvents (see Solvent selection for desorption section) then were added to the corresponding tubes and mixed with the condensed sediments by the vortex mixer. The same procedures were followed to seal, wrap, and rotate the samples as described above. At the designated times, the samples were centrifuged to separate the phases, and the benzidine concentrations in the solvents were measured by HPLC.
Sorbed benzidine concentrations (q e , mg/kg) for the desorption studies were calculated by assuming that the disappearance of mass in the solution corresponded to the same quantity presented in the sediment phase. Therefore, the following was used: q e ϭ (C 0 Ϫ C)/D 0 , where C 0 and C are the initial and final concentrations in the solution (mg/L), respectively, and D 0 is the sediment concentration (kg/L).
Sequential desorption with solvents. The sequential desorption experiment was conducted separately to perform the mass balance on the whole solvent-sediment system and to determine the overall desorption efficiency. Unlike the sacrificing method described above, the sequential desorption method kept using the same tube as the batch desorption reactor. The pre-equilibrated sediment with benzidine was extracted by one solvent for a selected time, the extract then was removed, and fresh solvent was added again to conduct the desorption. After one solvent was tested, another solvent was added to the tube following the same procedure. This desorption process for each solvent in this study was repeated three times, which lasted about 10 d with a duration of 0.25 d, 2.5 d, and 7 d for each of the three steps, respectively. All the extracts were analyzed by HPLC.
Desorption rate analysis
Cornelissen et al. [20] developed a model that divided the desorption process into three stages (i.e., the rapidly, slowly, and very slowly desorbing steps) to fit the desorption data for their study. However, the desorption process more often is described in the literature as biphasic, in which a rapid release of sorbate from the sorbent is continued by a much slower one, with one assumption that both steps follow first-order reaction rate kinetics. The equations are listed in Equations 2 and 3.
slow slow dt where F rap and F slow are the rapidly desorbing and slowly desorbing fractions in the sediment phase, respectively; K rap and K slow are the corresponding first-order rate constants (per day).
Integrating Equations 2 and 3 will yield Equations 4 and 5, as follows:
rap rap,0 rap
slow slow,0 slow where F rap,0 and F slow,0 represent the initial fractions before the desorption process starts. These initial fractions are subject to the constraint that the sum of them equals unity, which is shown in Equation 6 .
In addition, the total fraction of sorbate desorbed in the solution, which still is residing in the solid, is equal to unity at any time when the desorption is in progress, which is formulated in Equation 7 Slow desorption of benzidine Environ. Toxicol. Chem. 24, 2005 3023
where F sol stands for the total fraction of benzidine in the solution.
By fitting the experimental data to Equation 7 with the constraints of Equations 4 through 6, the values of fitting parameters of F rap,0 , K rap , and K slow could be obtained by performing nonlinear least-squares regression with NLREG 6.3 (Brentwood, TN, USA).
Analytical methods
Benzidine concentrations in both aqueous and solvent phases were measured by Shimadzu (Columbia, MD, USA) HPLC equipped with an ultraviolet-visible detector (Shimadzu SPD-10A). This HPLC system consisted of an LC-10AD pump, an FCV-11AL solvent delivery system, an SCL-10A system control, and an SIL-10A autoinjector. The wavelength of the ultraviolet detector was set at 283 nm, at which the intensity of absorption for benzidine was found to be the highest. The chromatographic separations were achieved by using a reversephase Shimadzu Premier C18 column (150 ϫ 4.6, 100-5; pH range: 2-8) coupled with a Supelco guard column packed with Spherisorb silica C1 (Alltech Services, Glen Dale, MD, USA). Acetonitrile and sodium acetate buffer (pH range: 4.7-4.9) were used as the mobile phase with a ratio of 25:75. The total flow rate was 1.0 ml/min with an operating pressure of 16.0 Ϯ 0.2 M Pa. Ten microliters of sample was injected for each injection and every sample was measured in replicate. Under such conditions, the retention time (t R ) of benzidine was found to be 6.0 min. The concentrations of the unknown samples then were calculated based on the calibration curve obtained from the values of the external standards.
RESULTS AND DISCUSSION
Lake Macatawa sediment sample
The sediment sample was classified as silty-clay type with silt and clay content more than 94%. The specific surface area was 19.32 m 2 /g and total pore volume was 6.86 ϫ 10 Ϫ8 m 3 /g. The pH of wet sediment sample was 7.1, which is more than 2 pH units above the highest pK a value for benzidine (see Table 1 ). The organic carbon content was found to be approximately 12% for this sediment sample.
Detection form of the benzidine molecule
A quick experiment was set up to investigate if all the possible forms of benzidine in acidic solution (e.g., neutral, singly, and doubly protonated forms) could be detected readily by the HPLC. In this experiment, an exact amount of benzidine was spiked to make a solution concentration of 144 mg/L, and the system was well buffered at pH 4.88 with acidic acid and sodium acetate. The neutral fraction of benzidine in the solution was 78.7% based on the relationship between pH and pK a . If only the neutral form in the solution was detected by HPLC, the concentration measured by HPLC should be about 78.7% of the initial spike. However, the experimental result illustrated that 95.2% of the initial input of benzidine was detected by HPLC. Considering the instrument error and experimental artifacts, it is reasonable to conclude that the measured concentration included both neutral and cationic forms of benzidine in the acidic solution. Similar results were obtained with another buffer solution at pH 2.44. Therefore, in this study, the concentrations given by HPLC were the total benzidine concentrations, if not mentioned otherwise.
Batch sorption isotherm experiments
The sorption isotherm experiments were conducted with three different equilibration times of 7 d, three weeks, and two months in the seven solvents. The data are plotted in Figure  1a to c, and the Freundlich model parameters based on linear regression are presented in Table 2 . From both the isotherm figures and the tabulated sorption parameters, it was found that benzidine in HCl solution had the highest sorption affinity (K f ) for sediment sites, and the lowest in ACN-NH 4 OAc. Sorption was found to be nonlinear and 1/n-values varied in all cases investigated. Therefore, the quantitative comparisons between the various solvent isotherm constants became complicated. However, some trends still were evident in the observed sediment/solvent distribution data. The sorption affinity of benzidine in these different solvents approximately followed the order: HCl Ͼ DI ഠ CaCl 2 Ͼ NaOH ഠ MeOH Ͼ ACN Ͼ ACN-NH 4 OAc. The proton in the HCl solution would associate with the benzidine molecule to form the cationic species. The protonated benzidine had the potential to be sorbed quickly to the negatively charged surface of the sediment by electrostatic interaction. Therefore, this would explain why benzidine in the HCl solution had the highest affinity for sediment sites. It should be noted that, after mixing the 0.1 M of HCl with the sediments, some protons in the solution would react with the carbonates present in the sediments, thus lowering the amount of protons available for the association with benzidine molecules. The pH measurement showed that, after equilibrium, the final pH in the 0.1-M HCl solution with sediments increased to approximately five compared to the initial value of one. Even at this elevated pH, about 10% of the total benzidine still was in protonated form. The pH values in the other aqueous solvents remained stable over the time-course study. Second, benzidine molecules were highly hydrophobic, which accounted for the phenomena that benzidine in all the aqueous solutions (i.e., DI, CaCl 2 , and NaOH) had higher affinity for sediment sites than that in the organic solvent phases (i.e., MeOH, ACN, and ACN-NH 4 OAc). In contrast to ACN solvent itself, the addition of cation to ACN solvent decreased ϩ NH 4 the affinity of benzidine molecules for sediment sites. This may be caused by the competition between benzidine and cation for the limited sorption sites. In general, the ln(K f ) ϩ NH 4 values were fairly stable for most of the solvents (i.e., HCl, DI, CaCl 2 , NaOH, MeOH, and ACN-NH 4 OAc) with different sorption times, and the maximum relative error was less than 8%. However, the ln(K f ) values for ACN increased by about 25% when the contact time was extended from 7 d to two months. All the sorption isotherms exhibited nonlinear behavior, with the 1/n-values varying from 0.25 to 0.52. For DI and the solvents of CaCl 2 , ACN, ACN-NH 4 OAc, and MeOH, the 1/nvalues did not change significantly, with a maximum error of 20%, which was observed in the ACN-NH 4 OAc solvent. However, these 1/n-values increased by 72 and 50% in the NaOH and HCl solutions, respectively, when the sorption time was extended from 7 d to two months. This observation might illustrate that the sediment sites with different sorption energies rearranged when the time-dependent reaction of NaOH and/or H ϩ molecules with the sorbed benzidine and/or benzidine in the liquid phase occurred.
Desorption behavior in different solvents
Three sets of desorption experiments were initiated, each having an equilibration time of 7 d, three weeks, or two months. The results are given in Figures 2, 3, and 4 , respectively, where the concentration of benzidine in the solvent (mg/ L) is plotted against desorption time (day). The data demonstrate that a very small fraction of sorbed benzidine was desorbed to DI, the 0.05-M CaCl 2 solution, and the 0.1-M HCl solution. This phenomenon is attributed to the strong affinity of benzidine for the sediment matrix. Therefore, benzidine readily is adsorbed to the surface of the solid phase. In addition, benzidine is not desorbed easily due to its high hydrophobicity observed in DI, the 0.05-M CaCl 2 solution, and the 0.1-M HCl solution. In general, the desorption behavior of benzidine in DI, the 0.05-M CaCl 2 solution, and the 0.1-M HCl solution were very similar in all of the three desorption experiments conducted in this study, although these solvents may have different desorbing mechanisms. To make this observation clearer, the desorption percentage data for these three solvents are compared in Figure 2 , the desorption behavior of benzidine in ACN, ACN-NH 4 OAc, MeOH, and NaOH were quite different from that in Figures 3 and 4 . The desorbed fraction of benzidine into these solvents increased over time, reached a peak, and then declined, as seen in Figure 2 . One possible reason for this discrepancy was that, after 7 d of contact time, sorption equilibrium still was not reached. This also was proven by another set of sorption kinetics experiments conducted thereafter (see Fig. 5 ). The kinetics study revealed that 15 to 20 d was needed for the benzidine-water system to reach equilibrium; thereby, nearly 94% of the initial mass was adsorbed to the sediment phase. Therefore, most of the sorbed benzidine molecules were associated with the surface of the sediment and easily could be extracted by these solvents after 7 d of contact time. Benzidine concentration rose in the solution with the release of the loosely sorbed molecules from the sediment, and sorption process dominated again, leading to the decrease of the benzidine concentration in the liquid phases. Another possibility that the data might be flawed due to some unknown experimental error toward this observation was not excluded. In either case, further study is needed to clarify this phenomenon.
When contact time was three weeks or two months, the sorption of benzidine from the aqueous phase to the sediment phase reached equilibrium according to the sorption kinetics study. The subsequent desorption kinetics data are shown in Figures 3 and 4 . In both experiments, the release of the sorbed benzidine to each solvent phase took place over time, and finally approached or nearly approached equilibrium for ACN and ACN-NH 4 OAc solvents, revealing a biphasic desorption process in these solvents. Acetonitrile, ACN-NH 4 OAc, and MeOH solvents could extract benzidine molecules from natural organic carbon or minerals in the sediment with ACN having the highest total extraction efficiency and MeOH having the lowest. This difference in total extraction efficiency between ACN and ACN-NH 4 OAc can be explained by the data in Table  4 . From the two data sets listed in Table 4 , the rapidly desorbing fractions for ACN (0.09 for both 3-week and 2-month Table 4 .
sorption times) and ACN-NH 4 OAc (0.07 and 0.06 for 3-week and 2-month sorption times, respectively) are very close, and the rapidly desorbing rate constant for ACN-NH 4 OAc is only 1.1 to 1.5 times that for ACN in spite of the sorption time. The rapidly desorbing fraction will be released to the liquid phase very quickly, usually taking place within hours. After the rapidly desorbing fraction is depleted in the sediment matrix, the large amount of slowly desorbing fraction starts to desorb and the slow desorbing rate becomes very important for the accumulation of desorbed benzidine in the extract when desorption is extended to weeks or even months. In either of the experiments, the slow desorbing rate for ACN is 2 to 3.5 times faster than for ACN-NH 4 OAc. Therefore, ACN illustrated greater total extraction efficiency than ACN-NH 4 OAc did in this time course study. However, desorption of benzidine in MeOH did not exhibit the same pattern as that for ACN Table 4 . a DI ϭ deionized water; CaCl 2 ϭ calcium chloride; HCl ϭ hydrochloric acid; NaOH ϭ sodium hydroxide; ACN ϭ acetonitrile; ACN-NH 4 OAc ϭ acetonitrile-ammonium acetate solution; MeOH ϭ methanol.
and ACN-NH 4 OAc. Instead, the extraction efficiency (desorption fraction) of benzidine in MeOH decreased during the sampling period. The explanation for this observation is that the extraction efficiency of MeOH may be sufficient to mobilize benzidine from the weak sorption sites. However, benzidine again is sorbed to the sites with stronger sorption during the time course. Besides, the affinity of benzidine for MeOH was very low, which is in accordance with the findings by Weber et al. [11] . The authors found MeOH had very low extraction efficiency of aniline, and less than 5% of sorbed aniline was extracted from the sediment phase by MeOH.
Desorption of benzidine in NaOH exhibited similar behavior as in ACN and ACN-NH 4 OAc, although they may represent different desorption mechanisms. Sodium hydroxide could break down slowly the covalent bonds between benzidine and the carbonyl moieties present in the sediment organic matter. The experimental results indicated that the process initiated at a relatively fast rate slowed down with the decreasing amounts of the available covalent bonds and approached equilibrium after a two-month desorption period for both experiments with three weeks and two months sorption times. A similar observation was reported by Weber et al. [11] . In their study, sequential extraction of sediment treated with 14 C-labeled aniline a NaOH ϭ sodium hydroxide; ACN ϭ acetonitrile; ACN-NH 4 OAc ϭ acetonitrile-ammonium acetate solution; k rap ϭ first-order rate constant for the rapidly desorbing fraction; K slow ϭ first-order rate constant for the slowly desorbing fraction; F rap,0 ϭ initial rapidly desorbing fraction; F slow,0 ϭ initial slowly desorbing fraction; r 2 ϭ correlation coefficient.
was conducted. The amount of 14 C-labeled aniline that could be recovered by treatment with 0.5 M of NaOH increased with time reaching a maximum of approximately 35% of the 14 Clabel associated with the sediment phase. They suggested the 14 C-label measured in the base extract corresponded to the irreversible sorption of 14 C-label to base-solubilized organic matter.
Desorption fractions
The rapidly and slowly desorbing fractions for the two data sets with three weeks and two months sorption times, F rap,0 and F slow,0 , are tabulated in Table 4 . Two major observations could be made based on the data in Table 4 and Figures 3 and  4 . First, the model-fitted parameters F rap,0 for NaOH (5%), ACN (9%), and ACN-NH 4 OAc (6 or 7%) are different when the sorption time is the same. This seems reasonable because the desorption mechanism for each solvent is supposed to be different. Second, the desorption fractions were not affected significantly by the longer sorption times. The initial fractions (e.g., F rap,0 and F slow,0 ) for NaOH, ACN, and ACN-NH 4 OAc remained almost the same or showed only a very small decline when sorption time was extended from three weeks to two months. The similar trend could be obtained when comparing the overall desorption fractions of each solvent at different desorption times (see Table 3 ). For example, after about 32 d, the desorbed benzidine fractions were 9.8 (3-week sorption) and 9.6% (2-month sorption) for ACN, 7.5 (3-week sorption) and 6.9% (2-month sorption) for ACN-NH 4 OAc. Even when the whole desorption processes were stopped, which lasted for 128 d (3-week sorption) and 156 d (2-month sorption), the extraction efficiencies for ACN and ACN-NH 4 OAc remained nearly unchanged. The longer contact time of sorbents with the sorbate in our selected systems did not cause significantly the decrease of the rapidly desorbing fractions. The inoculation time used in this study was not long enough to conclude that the reason for this might be insignificant aging effect. Even two months of contact time still is insufficient to trap large amounts of benzidine in the desorption-resistant sediment domains.
Desorption rate constants
The desorption rate constant (K) with three weeks and two months of sorption equilibration times were obtained by nonlinear least-squares regression and are presented in Table 4 . The variables for the desorption experiment with 7 d of equilibration time were not reported here because of the observed nonequilibrium. In our study the rapid desorption rate constants were in the order of one to two per day, and the slow desorption rate constants were in the order of 0.1 to 1 ϫ 10 Ϫ4 / d. When the equilibrium time was increased from three weeks to two months, the rapidly desorbing rate constant (K rap ) for each solvent was about half as fast for most of the samples as that for the same solvent with the shorter equilibration time (i.e., 3 weeks of equilibration time). However, all the slowly desorbing rate constants (K slow ) increased with increasing sorption equilibrium times from three weeks to two months. The value of K slow for NaOH with a two-month sorption time (1.47 ϫ 10 Ϫ4 /d) is 2.4 times that with a three-week sorption time (6.14 ϫ 10 Ϫ5 /d). Similarly, K slow for ACN (1.27 ϫ 10
Ϫ4
/d) and ACN-NH 4 OAc (6.30 ϫ 10 Ϫ5 /d) with two-month sorption is 2.5 times and 1.8 times as fast as that with a three-week sorption time, respectively. The observed rate differences for each solvent may indicate that the sorbed benzidine became harder to desorb rapidly from the site in the sediment matrix as a function of time, with K rap decreasing and K slow increasing concurrently. This observation might be attributed to the aging effect: The longer contact time between sorbates and sediment matrix led to the deeper penetration of sorbate into the remote part of the sediment matrix [21] .
Hulscher et al. [19] , Cornelissen et al. [21] , and Noort et al. [40] also studied the desorption kinetics of chlorobenzene, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons in different sediments. They characterized the desorption process with rapid, slow, and very slow stages and found the rate constants for these three stages were about 0.05 to 0.50/ h, 3 to 8 ϫ 10 Ϫ3 /h, and 0.9 to 1.7 ϫ 10
/h, respectively. Compared to the rate constants found in this study, which are 1 to 2/d (0.04-0.08/h) for rapid desorption and 0.1 to 1 ϫ 10 Ϫ4 /d (0.4-5 ϫ 10 Ϫ6 /h) for slow desorption, the rapid desorption rate constants fall in the ranges of values reported in the literature, and the slow desorption rates are even slower than the very slow desorption rate termed in their study. This discrepancy might be explained by the fact that the models used in the individual studies have a different number of fitting parameters.
Mass-transfer-limited slow desorption
It is a common observation that a portion of the sorbed chemicals resist desorption for aromatic amines as well as for the other classes of hydrophobic organic compounds [19, [41] [42] [43] and often is attributed to the mass-transfer-related mechanisms (rate-limiting diffusional processes) [11, 32, 44] . To reach all sorption sites, molecules must traverse through bulk liquid, film water, pore diffusion, and matrix diffusion. The mixing that takes place in most experiments makes both bulk diffusion and film diffusion less likely to be rate-limiting. Therefore, the pore and matrix diffusions are more likely the rate-limiting steps in the sorption processes. Desorption from the sediment follows the similar stages, only in the reverse directions as sorption. Weber et al. [11] proposed that pore diffusion within particles of that size (Ͻ1 mm) is fast compared to other diffusion processes. Therefore, the molecular diffusion into macromolecular organic carbon is the dominant process controlling the slow and irreversible binding of aniline. Pignatello [45] suggested that the slow release of HOCs (e.g., aliphatic hydrocarbons) resulted from the diffusion-limited desorption of molecules from remote regions in the sediment/ soil matrix and that the mineral phase helped to shield the pollutant molecules from desorption. Fu et al. [25] and Kan et al. [43] studied the sorption and desorption of polycyclic aromatic hydrocarbons in surface sediments and found only 30 to 50% of sorbed pollutants could be desorbed. It was hypothesized in their study that the rate-limiting desorption hysteresis could be caused by some multistep process that promotes the soil aggregation and/or pore entrapment of contaminants in sediment organic matter.
In our sequential desorption experiment, the addition of solvents was in the order of DI, HCl, CaCl 2 , NH 4 OAc, ACN, MeOH, ACN-NH 4 OAc, and NaOH (see Materials and Methods section). The preliminary results showed that, after this desorption process, only 30 to 38% of the initially spiked benzidine was desorbed from the sediment phase. It suggested that a large amount of sorbed benzidine (62-70%) resisted desorption. It seems logical that the diffusion processes and hysteresis would account for the slow desorption of benzidine in the sediments, although it is not possible to determine the relative contributions of these rate-limiting processes.
CONCLUSION
This study investigated the desorption behavior of benzidine in seven different solvents. Our observations revealed that it took about 15 to 20 d for the benzidine sorption to reach equilibrium with 94% of initial benzidine adsorbed onto sediment. Benzidine also had a strong affinity for sediment sites, which made it very difficult to desorb into DI, CaCl 2 , and HCl solvents. Using a longer contact time did not improve the extraction efficiency in these three solutions. In ACN, NaOH, and ACN-NH 4 OAc solvents, the release of sorbed benzidine exhibited a biphasic process, with a rapid increase of benzidine concentration in solution phase followed by a much slower increase until the establishment of equilibrium. The extraction efficiency for MeOH decreased over time, exhibiting a sorption process instead of a desorption process. The rapidly desorbing rates were on the order of one to two per day for NaOH, ACN, and ACN-NH 4 OAc, and the slowly desorbing rates were on the order of 10 Ϫ5 to 10 Ϫ4 /d with the assumption that both stages follow first-order kinetics. Consequently, the rapidly and slowly desorbed initial fractions (F rap,0 and F slow,0 ) for each solvent were relatively constant in both experiments with three weeks and two months of sorption times, suggesting no apparent transition of sorbed benzidine (e.g., from soil organic mattertrapped benzidine to covalently bonded benzidine) during this time course study. Further evidence is needed still to confirm this observation.
